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Introduction. Macrolide, lincosamide, and streptogramin
(MLS) antibiotics are chemically distinct but have a similar
mode of action. They have a narrow spectrum of activity
that includes gram-positive cocci (in particular, staphylo-
cocci, streptococci, and enterococci) and bacilli and gram-
negative cocci. These drugs, especially clindamycin, are also
potent against anaerobic bacteria. Gram-negative bacilli are
usually resistant to MLS antibiotics, but certain enteric
bacilli and Haemophilus spp. are susceptible to azithromy-
cin in vitro. However, the activities of these antibiotics
against Campylobacter, Legionella, and Chlamydia spp. are
at the origin of the recent renaissance of erythromycin.

Macrolides are composed of a minimum of two amino
and/or neutral sugars attached to a lactone ring of variable
size. Macrolides commercially available or in clinical devel-
opment can be divided into 14-, 15-, and 16-membered
lactone ring macrolides. These classes differ in their phar-
macokinetic properties and in their responses to bacterial
resistance mechanisms. Lincosamides (lincomycin and the
more active semisynthetic derivative clindamycin) are alkyl
derivatives of proline and are devoid of a lactone ring.
Streptogramin antibiotics are used in clinical practice in
certain countries, including Belgium and France. They are
composed of two factors, A and B (II and I in pristinamycin
and M and S in virginiamycin, respectively), that act in
synergy and are produced by the same microorganism.

In 1956, a few years after the introduction of erythromycin
in therapy, resistance of staphylococci to this drug emerged
and subsequently spread in France, the United Kingdom,
and the United States (13, 22, 37). The MLS cross-resistance
phenotype due to modification of the drug target is widely
distributed and has, since then, been detected in Staphylo-
coccus spp. (41, 72), Streptococcus spp. (18, 23, 30), Entero-
coccus spp. (16), Corynebacterium diptheriae (17), Bacteroi-
des spp. (61, 65), Clostridium spp. (64, 79), Bacillus spp. (47,
48), Lactobacillus spp. (5, 57), Mycoplasma pneumoniae
(69), Campylobacter spp. (11) and, recently, Propionibacte-
rium spp. (20) and members of the family Enterobac-
teriaceae (1).

This paper reviews the biochemical mechanism and the
genetic basis of resistance to MLS antibiotics in human
pathogens by target modification.

Biochemical mechanism. Clinical isolates resistant to
erythromycin synthesize an enzyme that N6 dimethylates an
adenine residue in 23S rRNA (40). The precise site of
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methylation has been located in a highly conserved sequence
in Staphylococcus aureus strains harboring ermA, ermB,
and ermC genes conferring MLS resistance (73) and in a
strain of Bacillus stearothermophilus harboring the methyl-
ase of Streptomyces erythreus, an erythromycin producer
(66). In a strain of Escherichia coli containing ermC, the
modified adenine residue is at position 2058 in 23S rRNA
(66). rRNA methylation probably leads to a conformational
change in the ribosome that leads to coresistance to macro-
lides, lincosamides, and streptogramin B-type antibiotics,
probably because the binding sites of these drugs overlap
(21). Streptogramin A-type antibiotics are unaffected and
synergy between the two components of streptogramin
against MLS-resistant strains is maintained (14).

Genetic determinants of resistance. A sequence compari-
son of erm (erythromycin resistance methylase) genes from
various bacterial species and results of hybridization exper-
iments under stringent conditions led to the distinction of a
minimum of eight classes of resistance determinants (2, 55)
(Table 1). The prototype genes for these classes were
isolated from the human pathogens S. aureus (ermA and
ermC), Streptococcus sanguis (ermAM), and Bacteroides
fragilis (ermF), from the soil bacteria Bacillus licheniformis
(ermD) and Bacillus sphaericus (ermG), and from two eryth-
romycin producers, S. erythreus (ermE) and Arthrobacter
sp. (ermA'). The amino acid sequences of the methylases
encoded by these determinants are related, indicating that
the erm genes are derived from a common ancestor, possibly
belonging to an antibiotic producer (2). However, various
degrees of similarity among the enzymes can be observed
(2). The sequences of the prototype methylases ErmA,
ErmC, and ErmAM from the human pathogens are closely
related (greater than 50% similarity) and form a group (2),
whereas ErmF is more distant (55). The determinants of the
other clinical isolates studied can be assigned to four hybrid-
ization classes: ermA, ermC, ermAM, and ermF. This gene
distribution is relatively species specific (Table 2). ermA and
ermC are common in staphylococci and are, respectively,
often located in the chromosome and on plasmids; ermC has,
in addition to being detected in staphylococci, also been
detected in Bacillus subtilis (47), Lactobacillus sp. (57), and
enterobacteria (44). ermF is present in various Bacteroides
spp. The ermAM gene is widespread in streptococci, pneu-
mococci, and enterococci, in which it is often borne by
transposons, such as Tn917 (74) and Tn1545 (15). However,
because of horizontal transfer of genetic information, this
determinant is not confined to these microorganisms.
Closely related sequences (designated ermB in transposon
Tn551) have been found in S. aureus (78), in which they are
apparently rare (36). Determinants related to ermAM have
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TABLE 1. Classes of erm genes

Gene Bacterial species Localization Reference

ermA Staphylococcus aureus Tn554 49
ermAM Streptococcus sanguis pAM77 30
ermC Staphylococcus aureus pE194 31
ermD Bacillus licheniformis Chromosome 24
ermE Streptomyces erythreus Chromosome 75
ermA' Arthrobacter sp. Chromosome 58
ermF Bacteroides fragilis pBF4 55
ermG Bacillus sphaericus Chromosome 48

been detected recently in Clostridium perfringens, Clostrid-
ium difficile, and enterobacteria, in which they are desig-
nated ermP, ermZ, and ermBC, respectively (8, 10, 26), and
also in Lactobacillus reuteri (5). The emergence of this gene
class in enterobacteria has provided additional evidence for
the existence of cross-transfer of genetic material from
gram-positive to gram-negative bacteria under natural con-
ditions (10). There are other erm determinants that have not
yet been identified (72). Despite the high degree of nucleo-
tide sequence diversity for rRNA methylases, the polymer-
ase chain reaction, done with primers that are complemen-
tary to conserved regions in the erm genes, allows the
detection of MLS resistance in both gram-positive and
gram-negative bacteria (4).

Regulation of MLS resistance in gram-positive cocci.
Expression of MLS resistance in staphylococci may be
constitutive or inducible. When expression is constitutive,
the strains are resistant to all macrolides, lincosamides, and

TABLE 2. Distribution of erm genes in clinically important
bacterial species

Hybridi- Refer-
zation Gene Host ence(s)
class

ermA ermA Staphylococcus aureus 49, 72
Coagulase-negative staphylococci 72

ermAM ermP Clostridium perfringens 8

ermZ C. difficile 26
Enterococcus faecalis 23, 42, 78

ermBC Escherichia coli 10
Lactobacillus reuteri 5

ermAM Streptococcus sanguis 30
S. pneumoniae 52, 78
S. agalactiae and S. pyogenes 23, 52, 78

ermC ermB S. aureus 78
Bacillus subtilis 47
Lactobacillus spp. 57

ermC S. aureus 31, 72
Coagulase-negative staphylococci 72

ermM S. epidermidis 41

ermF ermF Bacteroides fragilis 55
B. ovatus 68

FIG. 1. Disk agar susceptibility test of an S. aureus isolate with
inducible MLS resistance. C, clindamycin (2 U); E, erythromycin
(15 U); J, josamycin (100 p.g); L, lincomycin (15 ,ug); 0, oleando-
mycin (15 U); S, spiramycin (100 p.g); A, streptogramin A (20 p.g); B,
streptogramin B (40 ,ug).

streptogramin B-type antibiotics. Streptogramin A-type an-
tibiotics escape resistance, and synergy with streptogramin
B-type antibiotics is retained (14). The bactericidal activity
of the streptogramin complex, however, can be altered (14).
When expression is inducible, the strains are resistant to
14-membered (erythromycin, roxithromycin, and often ole-
andomycin) and 15-membered (azithromycin, which is under
development) macrolides only. The 16-membered macro-
lides (spiramycin, josamycin, miocamycin, and midecamy-
cin), the commercially available lincosamides, and the strep-
togramin antibiotics remain active. This dissociated
resistance is due to differences in the inducing abilities of
MLS antibiotics; only 14- and 15-membered macrolides are
effective inducers of methylase synthesis. In agar disk diffu-
sion tests, D-shaped inhibition zones around disks impreg-
nated with a noninducing macrolide, a lincosamide, or a
streptogramin B-type antibiotic can be observed if a disk of
erythromycin is placed nearby (Fig. 1).
The inducible or constitutive character of resistance is not

related to the class of erm determinant but depends on the
sequence of the regulatory region upstream from the struc-
tural gene for the methylase. The regulation of expression of
the ermC determinant from staphylococcal plasmid pE194
has been extensively studied and is explained by a transla-
tion attenuation mechanism (31; for reviews see references
7, 19, and 77). Adjacent to the ermC structural gene for the
methylase is an open reading frame encoding a 14-amino-
acid control peptide. Both genes are cotranscribed in a single
mRNA (Fig. 2). Translation of this mRNA implies that the
ribosomes recognize initiation sequences for the two open
reading frames. These sequences, designated ribosome bind-
ing sites or Shine-Dalgarno (SD) sequences, are separated by
a few base pairs from the initiation codons. In the case of
ermC (Fig. 2, conformation I), the 5' end of the correspond-
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Conformation I

5SI

Conformation II

FIG. 2. Alternative conformations of the mRNA from the induc-
ible ermC gene from pNE194. Shown are the secondary structures
of the mRNA (Lii) in the absence (conformation I) or in the
presence (conformation II) of erythromycin. Symbols: _, se-

quence of the control peptide; M sequence of the methylase. 1, 2,
3, and 4, represent inverted repeats (77).

ing mRNA presents a set of four inverted repeats which
sequester, by base pairing in the absence of erythromycin,
SD2 and the initiation codon for the methylase. The latter
are therefore not accessible to the ribosomes, and only the
sequence corresponding to the control peptide is translated
through region 1, which is not an impediment. When
present, erythromycin binds to ribosomes, including those
involved in the synthesis of the control peptide, and causes

them to stall. Ribosome stalling probably induces conforma-
tional rearrangements in the mRNA and causes displace-
ment of the stem-loop structure (Fig. 2, conformation II).
Being free, SD2 can then be recognized by ribosomes for the
initiation of translation of the methylase. The methylase is
synthesized by ribosomes that are efficient for protein syn-

thesis and that are not complexed to erythromycin or that
are methylated because of the low-level production of en-

zyme allowed, in the absence of erythromycin, by sponta-
neous and transitory mRNA rearrangements (19). The acti-
vation ofmRNA is followed by an increase in its half-life that
enhances enzyme synthesis; this stabilization appears to be
due to a stalling of ribosomes that protects the transcripts
from degradation by RNases (62). In this model, regulation is
due, in part, to a methylation-mediated feedback: when all of
the ribosomes are methylated, stalling does not occur and
mRNA molecules return to the inactive conformation. Reg-
ulation at the level of translation has also been demon-
strated: SD2 in mRNA and the binding site for the methylase
in 23S rRNA have structural similarities; the ermC-encoded
methylase, when in excess, may thus bind to SD2, blocking
partly its own production (9). A similar model has also been
proposed for the regulation of the inducible determinants
ermA of staphylococcal transposon Tn554 (49) and ermG of
B. sphaericus (48). However, the regulatory regions of these
determinants are more complex, containing two short con-
trol peptides, and induction involves a series of rearrange-
ments of the inverted repeats. In addition, erythromycin
may cause the induction of the inducible chloramphenicol
resistance cat-86 gene, which is also controlled by a trans-
lational attenuator structure. Evidence has recently been

presented that the requisite ribosome stalling in the leader
region required for the expression of both erm and cat genes
is determined by complementarity between the 16S rRNA
sequence and the sequence at the stall site in the mRNA of
the two genes (59).

In staphylococci, generally only 14- and 15-membered
macrolides are effective as inducers. The specificity of
induction is thought to be related to the mode of action of the
various macrolides; noninducing macrolides can provoke a
premature release (or inappropriate stalling) of the ribo-
somes that will not allow mRNA to refold into an active
structure (77). The amino acid composition of the control
peptide (45) and host factors (29), probably ribosomal struc-
tures, are also responsible for the specificity of induction.
Changes in induction specificity have been reported in
mutants of S. aureus obtained in vitro by antibiotic selec-
tion; lincosamides can act as inducers in these strains (71).
Constitutive expression can be obtained from inducible
strains at frequencies of 10-7 to 10-8 by selection on agar
plates containing inhibitory concentrations of noninducing
macrolide, lincosamide, or streptogramin B-type antibiotics.
The variants obtained exhibit point mutations that decrease
the stability of the stem-loop structure sequestering SD2,
deletions in the leader peptide region, or direct tandem
duplications of repeated segments (27). In clinical isolates,
constitutive MLS resistance is also explained by the struc-
ture of the regulatory region; constitutive expression of
ermC in B. subtilis (47) and in Staphylococcus epidermidis
(41) is due to deletions which leave SD1 separated from SD2
by a few base pairs only. Selection of a constitutive mutant
during clindamycin therapy of an infection caused by an
inducibly resistant strain of S. aureus has been reported (76).
MLS resistance in streptococci can also be expressed

constitutively or inducibly. However, unlike the case in
staphylococci, various macrolides or lincosamides may act
as inducers. This fact explains the diversity of resistance
phenotypes observed by agar disk diffusion (32) and the
zonal resistance to lincomycin observed mainly in beta-
hemolytic streptococci (18). Thus, in streptococci, whether
inducible or constitutive, resistance by ribosomal methyla-
tion is crossed among macrolides, lincosamides, and strep-
togramin B-type antibiotics. In S. sanguis, the peculiar
features of induction are explained by the complex confor-
mation of the regulatory region upstream from the ermAM
gene (30).

Genetic basis of MLS resistance in gram-positive cocci. In
staphylococci, inducible and constitutive MLS resistance is
often borne by small, nonconjugative multicopy plasmids of
2 to 4 kb containing the ermC determinant and conferring
resistance to MLS antibiotics only. Plasmid pE194 in this
family has been extensively studied (77). In both S. aureus
and coagulase-negative staphylococci, MLS resistance ap-
pears exclusively mediated by plasmids related to pNE131
(72), a 2.3-kb plasmid first detected in S. epidermidis (41).
Larger, conjugative plasmids are rarely found; a 28.2-kb
plasmid detected in Japan in 1960 and encoding a penicillin-
ase also carries transposon Tn551, which includes the con-
stitutive ermB determinant (46, 51). This transposable ele-
ment is structurally related to the enterococcal transposon
Tn9J7 (74), and both belong to the Tn3 family (38). Although
borne by a self-transferable plasmid, TnS51 is rarely found in
staphylococci. Another transposon, TnS54, detected in the
chromosome of S. aureus (53), confers inducible MLS
resistance. This 6.7-kb element, which also encodes resis-
tance to spectinomycin, exhibits peculiar properties; it does
not possess inverted or directly repeated sequences at its
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termini, it does not generate a duplication of target DNA
upon insertion, and it is inserted in the same orientation
preferentially at a single site in the chromosome (50). Tn554-
like sequences have spread in clinical isolates of staphylo-
cocci and account for chromosomal resistance to MLS
antibiotics (72). Transfer of resistance among staphylococci
can occur by conjugation and transformation in addition to
transduction, which was believed, for many years, to be the
only mechanism for the exchange of genetic information
among these organisms. As already mentioned, the small
MLS resistance plasmids are not conjugative, and their
transfer relies on mobilization by coresident conjugative
plasmids. Conjugation requires forced cell-to-cell contact
obtained by mating on filters. Under natural conditions,
plasmid transfer is believed to occur by a process referred to
as phage-mediated conjugation (39). Prophage genes in ei-
ther the donor or the recipient facilitate plasmid transfer.

Since the first report of plasmid-mediated resistance to
MLS antibiotics in Enterococcus faecalis (16), MLS resis-
tance plasmids have been found in nearly all the Streptococ-
cus spp. examined, with the notable exception of Strepto-
coccus pneumoniae (for a review, see reference 28). In E.
faecalis and in streptococci of groups A, B, C, and G,
plasmids conferring MLS resistance alone or associated with
chloramphenicol resistance range in size from 25 to 30 kb
and are present at low copy numbers per cell. These struc-
turally related conjugative plasmids have broad host ranges.
As in staphylococci, the transfer of MLS resistance occurs
by forced cell-to-cell contact on solid medium rather than in
broth, although conjugative transfer was first reported in
liquid medium (35). Larger plasmids, ranging in size from
115 to 150 kb and bearing additional resistance markers (i.e.,
chloramphenicol, kanamycin, streptomycin, and tetracy-
cline), have been detected in E. faecalis and Enterococcus
faecium (28). pAM77, from S. sanguis, is a small, 6.7-kb
plasmid unusual in this bacterial genus (80). Transposable
erythromycin resistance has been demonstrated in E. faeca-
lis. Tn9J7 is a 5.3-kb element identified on the 22-kb multiple
resistance plasmid pAD2 (74). As already mentioned, this
transposon belongs to the Tn3 family and mediates inducible
resistance to macrolides; interestingly, erythromycin in-
duces transposition of the element together with MLS resis-
tance (74). Tn3871, from plasmid pJH1 of E. faecalis, is
indistinguishable from Tn917 (6). Sequences that hybridize
with Tn3871 are present in plasmids of enterococci isolated
from animal and human origins in various geographical areas
in the United States, indicating a wide distribution of Tn917-
like elements (60). The plasmids vary in size from 26 to 105
kb and also contain streptomycin and kanamycin resistance
determinants.

Transfer of MLS resistance in the absence of plasmid
DNA has been demonstrated in S. pneumoniae, Streptococ-
cus bovis, and oral and group A, B, F, and G streptococci
(12, 33). None of the multiresistant strains of S. pneumoniae
studied so far harbors a resistance plasmid. In S. pneumo-
niae BM4200, the ermAM gene, together with the tetracy-
cline and kanamycin resistance genes tetM and aphA3,
respectively, is part of the conjugative transposon Tn1545
(15). This 25.3-kb element is self-transferable by conjugation
to a wide variety of gram-positive bacteria, in which it is able
to be transposed into various sites (15). Unlike most trans-
posons, TnJ545 is not flanked by terminal inverted repeated
sequences, does not possess variable base pairs at its ex-
tremities, and does not generate a duplication of the target
DNA upon insertion. A 67-kb element conferring resistance
to MLS, chloramphenicol, and tetracycline has been identi-

fied in the chromosome of Streptococcus agalactiae B109
and also shown to be transferred by a conjugationlike
mechanism (34).
Transduction in beta-hemolytic streptococci and transfor-

mation in pneumococci may also play a role in the dissem-
ination of antibiotic resistance (28).

Genetic basis of MLS resistance in other species. Plasmid-
mediated resistance to MLS antibiotics in the gram-negative
anaerobic Bacteroides spp. was first documented in 1975
(61). The phenotype is usually constitutive, but inducibility
has recently been reported (56). Self-transferable plasmids
that differ in size have been isolated: pBFTM1O and pCP1
(14.6 kb), which are probably identical (25, 70); pIP410 (41
kb) from B. fragilis (54), renamed pBF4; and pBI136 (82 kb)
from Bacteroides ovatus (67, 68). The MLS resistance
determinants of these plasmids are closely related, and those
of pBFTM10 and pIP410 are part of transposons Tn4400 and
Tn4351, respectively (65). Certain resistance genes are ap-
parently located in the chromosomes of plasmid-free strains
and can be transferred by a conjugationlike mechanism (65).

In Clostridium spp., constitutive and inducible MLS re-
sistance, either plasmid (8) or chromosome (26) mediated, is
found in animal and human strains.

Certain C. diphtheriae strains and diphtheroids also har-
bor plasmids conferring resistance to erythromycin (63).

In a strain of E. coli recently identified as a "new" host for
MLS resistance, the ermBC determinant is carried, together
with the ereB gene, responsible for erythromycin inactiva-
tion, by a 150-kb self-transferable plasmid (3, 10).

Conclusion. Study since 1956 (13) of inducible MLS resis-
tance turned out to be extremely rewarding. Elucidation of
the biochemical mechanism of resistance led to the under-
standing of bacterial resistance to structurally unrelated
drugs. Discovery of translational attenuation (a feature that
appears to be more common in nature than positive or
negative regulation at the level of transcription) as the basis
for the inducibility of resistance explained the ease in
obtaining constitutive mutants and explained why macro-
lides can induce gene transposition (74) and resistance to
other families of antibiotics (59). Sequence analysis of the
structural genes for rRNA methylases revealed a high degree
of genetic diversity for a single biochemical mechanism
(Table 2), a favorable situation for the study of molecular
evolution (2). Finally, the latter approach also provided
additional evidence for cross-transfer of DNA among pro-
karyotes in nature (10).
As reported in the accompanying review (43), the results

obtained at the molecular level are of great help for the
routine detection of bacterial resistance to MLS antibiotics.
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